Introduction {#Sec1}
============

Acute pancreatitis (AP) is a dangerous and lethal acute abdominal disease with high mortality. AP often progresses rapidly from a mild, self-limited disease to a severe, life-threatening disease with an unfavorable prognosis^[@CR1],[@CR2]^. During the early stage of AP, the death modality of pancreatic acinar cells and inflammatory lesions are the key factors that determine the disease's course and prognosis^[@CR3]^. Necrosis and apoptosis are the two major death modes of pancreatic acinar cells in AP. Many studies have shown that the severity of AP is negatively correlated with acinar cell apoptosis and positively correlated with acinar cell necrosis^[@CR4]^. Compared with mild AP (MAP), severe AP (SAP) is usually accompanied by the necrosis of a large amount of acinar cells, which in turn leads to intense local necroinflammation in the pancreas and might further induce systemic inflammatory response syndrome (SIRS) and multiple organ dysfunction syndrome (MODS), ultimately significantly augmenting the mortality of the disease^[@CR4]^. Therefore, effective modulation of acinar cell necrosis during early AP might be a potentially effective measure to suppress the malignant development of AP, which is also an important factor that determines its treatment outcomes.

Necrosis has long been considered a rapid, unregulated, irreversible, and passive cell death process caused by pathologically stimulated cells. As the signal transduction pathway or target of necrosis has not been identified, the mechanisms of necrosis remain uncertain, and effective interventions are difficult. Therefore, necrosis has been considered to have no important research significance in disease treatment and has not received adequate attention. In recent years, the traditional concept of necrosis has been critically challenged. A programmed form of cell necrosis, regulated necrosis, has become an important research topic in the fields of inflammation and immune diseases and resulting in a breakthrough in the knowledge and understanding about cell death^[@CR5]--[@CR20]^. Regulated necrosis has characteristics common to both necrosis and apoptosis, i.e., it is actively regulated by multiple genes and is accomplished in an orderly and regular manner through the activation of a specific death signaling pathway. In addition, regulated necrosis has the morphological features, subcellular changes and lack of metabolic functions typical of cell necrosis^[@CR16]^. Therefore, the discovery of necroptosis might provide a potential target for effectively controlling inflammatory lesions and improving disease outcomes for typical necrosis-related diseases.

Regulated necrosis is usually composed of necroptosis, pyroptosis, parthanatos, ferroptosis, and other programs. Among these programs, necroptosis has become a popular topic, attracting increasing attention worldwide. Necroptosis is a kind of regulated necrosis dependent on receptor-interacting protein kinase 3 (RIPK3) and mixed lineage kinase domain-like protein (MLKL)^[@CR7]^. There is an absolute or relative lack of caspase-8 involvement, and RIPK1 commonly binds to RIPK3 to form the necrosome and initiate a caspase-independent necroptosis process^[@CR21],[@CR22]^. When the necrosome is further phosphorylated, the signal is further transferred downstream to activate MLKL in the cytoplasm, thereby ultimately resulting in necroptosis^[@CR23]^. Thus, the RIPK1/RIPK3/MLKL pathway should be a key pathway of cellular necroptosis regulation. To date, necroptosis has been observed in pancreatic acinar cells during early AP, and it might be a potential target for the effective inhibition of acinar cell necrosis and noticeable improvement of histological pancreatic injury^[@CR24]--[@CR29]^. However, the interventional targets are focused only on RIPK3 and MLKL. The effect of RIPK1-dependent regulated necrosis of acinar cells on AP is still not fully clarified. Thus, we designed the present study to investigate the effect of inhibiting the activation of RIPK1 in pancreatic acinar cells on the early progression of AP both in vivo and in vitro. In addition, we aimed to explore the potential mechanism involved in this process.

Materials and methods {#Sec2}
=====================

Cell cultures {#Sec3}
-------------

The rat pancreatic exocrine cell line AR42J was purchased from the American Type Culture Collection (Manassas, VA, USA) and cultured in Dulbecco's modified Eagle's medium (Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (ScienCell, San Diego, CA, USA), 100 U/ml penicillin and 100 mg/ml streptomycin (Invitrogen, Carlsbad, CA, USA) at 37 °C in a 5% CO~2~ humidified incubator.

Reagents {#Sec4}
--------

Necrostatin-1 (Nec-1, a selective inhibitor of RIPK1), pyrrolidine dithiocarbamate (PDTC, an inhibitor of NF-κB), cerulein, sodium taurocholate (Na-TC), and sodium pentobarbital were purchased from Sigma-Aldrich (St. Louis, MO, USA). Synthesized duplex siRNAs against AQP8 were purchased from RiboBio Co. Ltd. (Guangzhou, China). Double-stranded siRNA was designed (sense, 5′-GGCCAGUAUUGAGAUUGAUTT-3′; antisense, 5′-AUCAAUCUCAAUACUG GCCTT-3′) with two thymidine residues introduced at the 3′ end. A nonspecific control siRNA (sense, 5′-UUCUCCGAACGUGUCACGU-3′; antisense 5′-ACGU GACACGUUCGGAGAA -3′) was also produced.

Model establishment and ethics statement {#Sec5}
----------------------------------------

One hundred and twenty male Wistar rats weighing 200--250 g were supplied by the Animal Research Center at the First Affiliated Hospital of Harbin Medical University (Harbin, China). A rat model of AP was established using a previously described method^[@CR4],[@CR30]--[@CR34]^. Briefly, rats were anesthetized by intraperitoneal injection of sodium pentobarbital (40 mg/kg). AP was induced by a retrograde infusion of 3.5% sodium taurocholate (Na-TC, 0.15 ml/100 g) into the pancreaticobiliary duct. All animal care and experimental protocols were approved by the Institutional Animal Care and Use Committee of Harbin Medical University and were conducted in accordance with the Guide for the Care and Use of Laboratory Animals.

In vivo experimental design {#Sec6}
---------------------------

The rats were randomly allocated into four groups: the AP group (*N* = 15, subjected to the abovementioned procedure), AP + Nec-1 group \[*N* = 15, administered an intravenous injection of a Nec-1 solution (1%, 3 mg/kg) via the penile dorsal vein 1 h after AP induction\], AP + DMSO group \[*N* = 15, administered an intravenous injection of a DMSO solution (0.3 ml/kg) via the penile dorsal vein 1 h after AP induction\] and sham group (*N* = 15, subjected to only a midline laparotomy and separation of pancreaticobiliary duct). In the next part of the in vivo experiment, 60 male Wistar rats were randomly allocated into the following five groups, with an average of 15 rats per group: the sham group, AP group, AP + Nec-1 group, AP + PDTC group, and AP + PDTC + Nec-1 group. Rats in the AP + PDTC group was administered PDTC solution (25 mg/kg) via the penile dorsal vein 30 min before the AP model was established. Rats in the AP + PDTC + Nec-1 group was administered PDTC solution via the penile dorsal vein 30 min before the AP model was established, and Nec-1 was administered to the rats via intravenous injection (1%, 3 mg/kg) into the penile dorsal vein after the AP model was established. The doses were selected on the basis of previous reports^[@CR35],[@CR36]^ and our preliminary experiments. In the third part of the in vivo experiment, 60 male rats were randomly divided into four groups with an average of 15 males in each group: the sham group, AP group, AP + si-RIPK1 group, and AP + si-NC group. Rats in the AP + si-RIPK1 and AP + si-NC groups were administered rat cholesterol-conjugated RIPK1 siRNA or si-NC, respectively, in vivo (100 nM) by intravenous injection once a day three times before the AP model was established. The RIPK1 siRNA and si-NC for in vivo delivery were obtained from RiboBio Co. (Guangzhou, China). The serum of every rat was obtained after centrifugation at 3000 × *g* for 15 min and was then stored at −80 °C until assayed.

Measurement of tissue and serum parameters {#Sec7}
------------------------------------------

The level of serum C-reactive protein (CRP) was measured with an automatic biochemical analyzer (Toshiba, Tokyo, Japan) as previously described^[@CR32]^. Tumor necrosis factor α (TNF-α), interleukin 18 (IL-18), interleukin 1β (IL-1β), interleukin 6 (IL-6) and cell culture supernatant lactate dehydrogenase (LDH), and TNF-α levels were measured via ELISA kits (R&D Systems, Minneapolis, MN, USA) according to the manufacturer's instructions. The pancreatic levels of MDA, LDH, MPO and LPO were measured using kits (Jian Cheng, Nan Jing, China) according to the manufacturer's instructions.

Hematoxylin and eosin (H&E) staining {#Sec8}
------------------------------------

H&E staining was performed to visualize the level of inflammation and tissue damage under a light microscope (40×). The scoring system defined by Kusshe et al.^[@CR37]^ was used, and the final scores of each histopathological examination were collected.

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay {#Sec9}
--------------------------------------------------------------------------

The TUNEL assay was conducted using a TUNEL detection kit according to the manufacturer's instructions (HRP kit DBA; Apotag, Milan, Italy). Briefly, sections were incubated with 15 μg/ml proteinase K for 15 min at room temperature. Endogenous peroxidase was inactivated with 3% H~2~O~2~ for 5 min at room temperature. Sections were immersed in terminal deoxynucleotidyl transferase and biotinylated dUTP in TdT buffer and incubated in a humidified atmosphere at 37 °C for 90 min. Sections were incubated at room temperature for 30 min with horseradish peroxidase-conjugated antibodies, and signals were visualized with diaminobenzidine. The number of TUNEL-positive cells per high-power field (400×) was counted in 5--10 fields for each coded slide. AR42J cells were seeded in 24-well plates. Next, different treatments were added to the cells. Then, a One Step TUNEL Apoptosis Assay Kit (Beyotime Biotechnology, Shanghai, China) was used to evaluate apoptosis following the manufacturer's instructions. The staining intensity was measured by fluorescence microscopy.

Transmission electron microscopy {#Sec10}
--------------------------------

Transmission electron microscopy (TEM) was performed as described previously^[@CR30]^. Fixed samples were dehydrated through a graded series of ethanols and embedded in epoxy resin. Ultrathin sections (80 nm) were collected on copper grids, double-stained with uranyl acetate and lead citrate, and examined under a Hitachi H-7100 transmission electron microscope (Hitachinaka, Japan) at 80 kV.

Electrophoretic mobility shift assay (EMSA) {#Sec11}
-------------------------------------------

Nuclear extracts from pancreatic tissues (100 mg) were prepared using a nuclear extraction kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. The binding reactions consisted of 12.5 nM HEPES (pH 7.9), 50--100 mM NaCl, 5% glycerol, 2 mg/mL BSA, 2 μg of poly-dIdC, 10 μg of BSA, 0.1 mM EDTA, 0.1 mM DTT, 1 ng of ^32^P-end-labeled double-stranded DNA probe, and 15 μg of nuclear protein. The binding reactions were incubated for 30 min at 21 °C and were then loaded onto 5% acrylamide-0.25 × Tris-borate-EDTA gels and electrophoresed at 200 V for 2 h. EMSA was carried out with consensus probes specific for NF-κB from Santa Cruz Biotechnology.

Cell model establishment {#Sec12}
------------------------

To establish the AP model in vitro, AR42J cells were treated with 10^−8^ M cerulein based on previous reports and our preliminary experiments^[@CR30]^. For the control group, cells were treated with an volume of PBS equivalent to that of cerulein in the AP group. The AP + si-AQP8 and AP + si-NC groups were treated with si-AQP8 or si-NC (50 nM), respectively, for 12 h before AP induction. Cell viability was measured with a Cell Counting Kit-8 (Dojindo Molecular Technologies, Kumamoto, Japan), and no significant changes were observed upon the aforementioned treatments.

Immunofluorescence {#Sec13}
------------------

AR42J cells from the control group, AP group, AP + si-AQP8 group, and AP + si-NC group were seeded in 24-well plates. Cells were fixed with 4% paraformaldehyde for 30 min and permeabilized with 0.5% Triton X-100 for 20 min. After incubation with antibodies against Caspase-3, Caspase-8, and Caspase-9 (Abcam) for 2 h, the cells were washed with PBS three times. Then, the cells were incubated with secondary antibodies for 1 h (Beyotime Biotechnology, Shanghai, China), and 4\'6-diamino-2-phenylindole (DAPI, Beyotime Biotechnology, Shanghai, China) was added to stain cell nuclei. Finally, the cells were examined by laser scanning confocal microscopy (Olympus).

ATP assays {#Sec14}
----------

The ATP content was determined by using an Enhanced ATP Assay Kit (S0027) according to the manufacturer's instructions (Beyotime Biotechnology, Shanghai, China). The concentration of ATP was calculated according to an ATP standard curve and expressed as nmol/OD~730.~

Flow cytometry {#Sec15}
--------------

Cell apoptosis was analyzed by an Annexin V assay kit according to the instructions outlined by the manufacturer (B&D). Briefly, cells were harvested with trypsin, washed twice in PBS and counted. Then, 1 × 10^5^ cells were resuspended in binding buffer at a concentration of 1 × 10^6^ cells/mL. Next, 10 μL of Annexin V and 5 μL of PI were added, and the cells were incubated at room temperature for at least 15 min in the dark. After incubation, the percentage of apoptotic cells was analyzed by flow cytometry (Epics Altra II, Beckman Coulter, USA).

Transient transfection and RNA interference {#Sec16}
-------------------------------------------

Transfections were performed according to the manufacturer's instructions. To knock down AQP8, synthesized duplex siRNAs (si-AQP8 and si-NC, RiboBio) were used. AR42J cells were grown to 50% confluence in six-well plates and transfected with the siRNAs in serum-free medium without antibiotic supplements using X-treme GENE siRNA transfection reagent (RiboBio, Guangzhou, China). Silencing of protein expression was confirmed by subsequent immunoblot analysis. After transfection, cells were treated with cerulein (24 h) under the aforementioned conditions and were then harvested for further experiments as indicated.

Real-time polymerase chain reaction analysis {#Sec17}
--------------------------------------------

Real-time quantitative polymerase chain reaction (PCR) was used to analyze the Caspase-3, Caspase-8, and Caspase-9 mRNA levels in pancreatic tissues, as described previously^[@CR38]^. Total RNA was extracted from the cell pellet using an RNA Extraction Kit (Invitrogen, Camarillo, CA, USA) and converted to first-strand cDNA according to the manufacturer's instructions (Toyobo, Shanghai, China). Real-time PCR was performed using a SYBR^®^ Prime-Script^TM^ RT-PCR Kit in a LightCycler System (Roche Diagnostics, Lewes, UK). The primer sequences were designed by Primer 5.0 and purchased from Invitrogen. The following primer sequences were used for PCR: Caspase-3: sense, 5′-TGTTTGTGTGCTTCTGAGCC-3′ and antisense, 5′-CACG CCATGTCATCATCAAC-3′; Caspase-8:sense, 5′-GATCAAGCCCCACGATGAC-3′ and antisense 5′-CCTGTCCATCAGTGCCATAG-3′; Caspase-9: sense, 5′-CAT TTCATGGTGGAGGTGAAG-3′ and antisense, 5′-GGGAACTGCAGGTGG CTG-3′; AQP8: sense, 5′-TCCTGAGGAGAGGTTCTGGA-3′ and antisense 5′-AGG GCCCTTTGTCTTCTCAT-3′; NF-κB p65: sense, 5′-AGCGTGGGGACTACGACCT -3′ and antisense, 5′-GGGGCACGATTGTCAAAGAT-3′; and GAPDH: sense, 5′-TG GAGTCTACTGGCGTCTT-3′ and antisense 5′-TGTCATATTTCTCGTGGTTCA-3. Amplification was performed with the following cycles: 95 °C for 30 s, followed by 40 cycles of denaturing at 95 °C for 5 s and annealing at 60 °C for 20 s. All reactions were performed in triplicate. Data analysis was performed using the 2^−△△CT^ method, and GAPDH was used as the reference gene.

Western blotting {#Sec18}
----------------

The Western blot assay has been previously described^[@CR4],[@CR39]^. In brief, pancreatic tissues or cells were homogenized in protein lysis buffer that contained a protease inhibitor (Beyotime Biotechnology, Shanghai, China) and a phosphatase inhibitor (Roche, Shanghai, China), and debris was removed by centrifugation. Samples were resolved on polyacrylamide sodium dodecyl sulfate gels and electrophoretically transferred to polyvinylidene difluoride membranes. Membranes were blocked with 5% skim milk and incubated with primary antibodies against IL-1β, high-mobility group protein B1 (HMGB1, Cell Signaling Technology), Caspase-1, intercellular adhesion molecule 1 (ICAM-1), NF-κB p65 (p65), phospho-NF-κB p65 (p-p65) (Cell Signaling Technology), IL-18 (Santa Cruz), TNF-α, AQP8, RIPK1, RIPK3, MLKL (Abcam), p-RIPK1, p-RIPK3, p-MLKL (Cell Signaling Technology), Caspase-3, Caspase-8, Caspase-9 (Abcam), and horseradish peroxidase-conjugated secondary antibodies (1:2000, ZSGB-BIO). Unless noted otherwise, the dilution and manufacturer of the abovementioned antibodies were 1:1000 and Abcam, respectively. Immunostained bands were detected using enhanced chemiluminescence kits (Pierce Chemical, Rockford, IL, USA). β-Actin (1:2000, Santa Cruz, CA, USA) was used as the protein loading control, and the relative level of protein expression was calibrated to the relative band density of β-actin.

Statistical analysis {#Sec19}
--------------------

Data are presented as the means ± S.D.s of three independent experiments and were analyzed using SAS 9.1 for Windows (SAS Institute, Cary, NC, USA). The data were analyzed using one-way ANOVA followed by the Scheffe test. A *p*-value of \<0.05 was considered statistically significant.

Results {#Sec20}
=======

Inhibition of RIPK1 attenuated AP-related injury in rats {#Sec21}
--------------------------------------------------------

Microscopically, the morphology and structure of the rat pancreatic tissue in the sham group were normal, and no appreciable changes were observed. In the AP group, the tissue showed obvious pancreatic edema, massive hemorrhage, necrosis, indistinct structures of acini and lobules, and a large number of neutrophils. The extent of the pancreatic tissue lesions in the DMSO intervention group was not different from that in the AP group. In the AP + Nec-1 group, the range of necrosis in the pancreas was significantly decreased, the degree of bleeding and edema was reduced, and neutrophil infiltration was slight compared with these parameters in the AP/AP + DMSO group. The pathological scores of pancreatic tissue in the AP, AP + Nec-1, and AP + DMSO groups after 24 h of treatment showed that the pathological changes were the most severe and the pancreatic tissue pathological scores were the highest in the AP and AP+ DMSO groups, while the pathological changes and scores in the Nec-1 intervention group were the mildest and lowest, respectively; in addition, the difference was significant (Fig. [1a, b](#Fig1){ref-type="fig"}). Compared with rats in the AP group, rats in the AP + Nec-1 group exhibited significantly decreased expression of MDA, LDH, MPO, and LPO in the pancreas, while rats in the AP + DMSO group showed no difference (Fig. [1c](#Fig1){ref-type="fig"}). The ATP content in the pancreas of rats in the four experimental groups was measured. Compared with rats in the sham group, rats in the AP, AP + Nec-1, and AP + DMSO groups had a significantly reduced ATP content in the pancreatic tissue, which demonstrated the degree of cell necrosis. The content of ATP in the pancreas of AP + Nec-1 group rats was significantly increased compared with that in AP group rats, but there was no significant difference between the AP + DMSO group and the AP group (Fig. [1d](#Fig1){ref-type="fig"}). We collected serum from the rats in the four groups after 24 h of treatment. The serum levels of CRP, TNF-α, IL-18, IL-1β, and IL-6 in the AP, AP + Nec-1, and AP + DMSO groups were significantly increased compared with those in the sham group. Administration of Nec-1 significantly reduced the serum CRP, TNF-α, IL-18, IL-1β, and IL-6 concentrations compared with those in the AP group, but there was no significant difference between the serum levels of these molecules in the AP + DMSO group and the AP group (Fig. [1e](#Fig1){ref-type="fig"}). The NF-κB DNA-binding activity in rat pancreatic tissue was also detected by EMSA and was found to be significantly decreased in the Nec-1 intervention group compared with that in the AP group (Fig. [1f, g](#Fig1){ref-type="fig"}). The expression levels of inflammatory mediators (IL-1β, HMGB1, Caspase-1, ICAM-1, NF-κB p-p65, IL-18, and TNF-α) were significantly increased in the AP group compared with those in the other groups. The expression levels of inflammatory mediators in the AP + Nec-1 group were significantly reduced compared with those in the AP group, but did not significantly change in the AP + DMSO group (Fig. [2a, b](#Fig2){ref-type="fig"}). The subcellular structure of acinar cells was observed via TEM. In the sham group, the cell membrane of normal acinar cells was smooth and intact, the intercellular space was clear, the endoplasmic reticulum was arranged neatly, and the mitochondrial surface was smooth and round. In the AP group and AP + DMSO group, the structure of the endoplasmic reticulum in pancreatic acinar cells was disordered, and a large amount of endoplasmic reticulum was absent. The surface of mitochondria was wrinkled, and membrane structures from large amounts of degraded cell components were observed. In comparison, the irregularities in the endoplasmic reticulum and mitochondria seen in the AP + Nec-1 group were significantly milder (Fig. [2c](#Fig2){ref-type="fig"}). The above experiments indicated that inhibiting RIPK1 with Nec-1 alleviated the extent of pancreatic damage and the systemic inflammatory response and played a protective role in AP in vivo.Fig. 1Inhibition of RIPK1 attenuated AP-related injury in rats.**a** Representative images (4×) of hematoxylin and eosin-stained pancreatic tissues harvested from rats subjected to sham operation, AP, AP + Nec-1 or AP + DMSO for 24 h after AP induction. **b** Histopathological scoring was performed to evaluate pancreatic injury in the rats as described above. **c** The levels of MDA, LDH, MPO, and LPO in pancreatic tissues harvested from the rats described above were assessed spectrophotometrically. **d** ATP levels were quantified in pancreatic tissues harvested from the rats. **e** The levels of CRP, TNF-α, IL-18, IL-1β, and IL-6 in peripheral blood samples harvested from the rats described above were spectrophotometrically measured. **f** EMSA analysis and **g** quantitation of NF-κB DNA-binding activity in pancreatic tissues harvested from the rats described in Fig. 1a. The data are presented as the means ± S.Ds. (*n* = 3). \**P* \< 0.05 versus sham, \^*P* \< 0.05 versus APFig. 2Inhibition of RIPK1 attenuated AP-related injury in rats.**a** Representative immunoblot images and **b** quantitation of IL-1β, HMGB1, Caspase-1, ICAM-1, NF-κB p-p65/p65, IL-18, TNF-α, and AQP8 expression in pancreatic tissues harvested from the rats described above. β-Actin was used as the protein loading control. **c** Representative TEM images of pancreatic tissues from the rats described in Fig. [1a](#Fig1){ref-type="fig"}; bar: 2 μm. The data are the means ± S.Ds. (*n* = 3). \**P* \< 0.05 versus sham, \^*P* \< 0.05 versus AP

In the third part of the in vivo experiment, different groups of rats were administered rat cholesterol-conjugated RIPK1 siRNA or si-NC in vivo (100 nM) by intravenous injection. In the sham group, AP group, AP + si-RIPK1 group, and AP + si-NC group, we performed H&E staining (Fig. [3a, g](#Fig3){ref-type="fig"}); detected the expression of MDA, LDH, MPO, and LPO in the pancreas (Fig. [4c](#Fig4){ref-type="fig"}); measured the content of ATP in the pancreas (Fig. [4d](#Fig4){ref-type="fig"}); and measured the serum levels of CRP, TNF-α, IL-18, IL-1β, and IL-6 (Fig. [4b](#Fig4){ref-type="fig"}). In addition, the NF-κB DNA-binding activity in rat pancreatic tissue was detected by EMSA (Fig. [3e, f](#Fig3){ref-type="fig"}), and the expression levels of inflammatory mediators (IL-1β, HMGB1, Caspase-1, ICAM-1, IL-18, TNF-α, and NF-κB p-p65) were measured by Western blotting (Fig. [4a](#Fig4){ref-type="fig"}). The subcellular structure of acinar cells was observed via TEM (Fig. [3c](#Fig3){ref-type="fig"}). These results showed that the intravenous tail vein injection of cholesterol-conjugated si-RIPK1 and the inhibition of RIPK1 activation by Nec-1 had consistent effects on attenuating the extent of pancreatic damage and systemic inflammatory response in vivo.Fig. 3Inhibition of RIPK1 attenuated AP-related injury in rats.**a** Representative images (4×) of hematoxylin and eosin-stained pancreatic tissues harvested from rats subjected to sham operation, AP, AP + si-RIPK1 or AP + si-NC for 24 h after AP induction. **b** TUNEL analysis of apoptotic cells and **d** the apoptosis index in pancreatic tissues harvested from the rats described in Fig. 3a. **c** Representative TEM images of pancreatic tissues from the rats described in Fig. 3a; bar: 2 μm. **e** EMSA analysis and **f** quantitation of NF-κB DNA-binding activity in pancreatic tissues harvested from the rats described in Fig. 3a. **g** Histopathological scoring was performed to evaluate pancreatic injury in the rats described above. The data are the means ± S.Ds. (*n* = 3). \**P* \< 0.05 versus sham, \^*P* \< 0.05 versus APFig. 4Inhibition of RIPK1 did not affect the classic necroptosis pathway in AP rats.**a** Representative immunoblot images and **b** quantitation of the IL-1β, HMGB1, Caspase-1, ICAM-1, IL-18, TNF-α, p-RIPK1/RIPK1, NF-κB p-p65/p65, and AQP8 levels in pancreatic tissues harvested from the rats described above in Fig. [3a](#Fig3){ref-type="fig"}. β-Actin was used as the protein loading control. **b** The levels of CRP, TNF-α, IL-18, IL-1β, and IL-6 in peripheral blood samples harvested from the rats described in Fig. [3a](#Fig3){ref-type="fig"} were spectrophotometrically measured. **c** The levels of MDA, LDH, MPO, and LPO in pancreatic tissues harvested from the rats described above in Fig. [3a](#Fig3){ref-type="fig"} were assessed spectrophotometrically. **d** The ATP levels in pancreatic tissues harvested from the rats in Fig. [3a](#Fig3){ref-type="fig"} were quantified. **e** Representative immunoblot images and **f** quantitation of the p-RIPK1/RIPK1, p-RIPK3/RIPK3, and p-MLKL/MLKL ratios in pancreatic tissues harvested from the rats described in Figure [3a](#Fig3){ref-type="fig"}. β-Actin was used as the protein loading control. The data are the means ± S.Ds. (*n* = 3). \**P* \< 0.05 versus sham, \^*P* \< 0.05 versus AP

Inhibition of RIPK1 did not affect the classic necroptosis pathway in AP rats {#Sec22}
-----------------------------------------------------------------------------

To observe the classic RIPK1/RIPK3/MLKL necroptosis pathway in AP rats, RIPK1, RIPK3, and MLKL phosphorylation was assessed by Western blotting, and we found that the RIPK1 phosphorylation (activation) levels significantly decreased after treatment with Nec-1, while those of RIPK3 and MLKL did not change appreciably (Fig. [4e, f](#Fig4){ref-type="fig"}), which meant that the classic necroptosis pathway was not affected.

Inhibition of RIPK1 during AP did not affect apoptosis in rats {#Sec23}
--------------------------------------------------------------

A TUNEL assay was used to study the apoptosis of pancreatic tissue in each group. We found that there was no significant difference between the AP group and the AP + Nec-1 group (Fig. [5a, b](#Fig5){ref-type="fig"}). The protein expression and relative mRNA expression of the apoptosis-related mediators Caspase-3, 8, and 9 showed the same results as those of the TUNEL assay in the abovementioned tissues (Fig. [5c--e](#Fig5){ref-type="fig"}). In another group of in vivo experiments, we also performed TUNEL assay. The results showed that there was no significant change in apoptotic degree of AP group, AP + si-RIPK1 group and AP + si-NC group (Fig. [3b, d](#Fig3){ref-type="fig"}).Therefore, pancreatic apoptosis was not affected by the inhibition of RIPK1.Fig. 5Inhibition of RIPK1 during AP did not affect apoptosis in rats.**a** TUNEL analysis of apoptotic cells and **b** the apoptosis index in pancreatic tissues harvested from the rats described in Fig. [1a](#Fig1){ref-type="fig"}. **c** Representative immunoblot images and **d** quantitation of Caspase-3, Caspase-8, and Caspase-9 expression in pancreatic tissues harvested from the rats described in Fig. [1a](#Fig1){ref-type="fig"}. β-Actin was used as the protein loading control. **e** Relative mRNA expression of Caspase-3, Caspase-8, and Caspase-9 in pancreatic tissues harvested from the rats described in Fig. [1a](#Fig1){ref-type="fig"}. The data are the means ± S.Ds. (*n* = 3). \**P* \< 0.05 versus sham

RIPK1 regulated cell necrosis and inflammatory damage in AP through AQP8 {#Sec24}
------------------------------------------------------------------------

In vitro experiments showed that in the control group of AR42J cells, the protein expression and relative mRNA expression of AQP8 were lower than those in the AP group, AP + si-AQP8 group and AP + si-NC group, which increased to different degrees. Compared with the AP group, the AP + si-AQP8 group exhibited significantly decreased protein expression and relative mRNA expression of AQP8. However, the levels of phospho-RIPK1 and NF-κB p-p65 in the AP group, AP + si-AQP8 group and AP + si-NC group were significantly higher than those in the Control group (Fig. [6a, c, d](#Fig6){ref-type="fig"}). The contents of LDH and TNF-α in the AR42J cell culture supernatant of the AP group, AP + si-AQP8 group and AP + si-NC group were significantly increased compared with those in the supernatant from control cells, while the contents of LDH and TNF-α in the AP + si-AQP8 group were significantly decreased compared with those in the AP group (Fig. [6g](#Fig6){ref-type="fig"}). Flow cytometry showed that among the control group, AP group, AP + si-AQP8 group and AP + si-NC group, the degree of AR42J cell necrosis in the control group was lower than that in the AP group, AP + si-AQP8 group and AP + si-NC group. The cell necrosis rate in the AP group was higher than that in the AP + si-AQP8 group (Fig. [6b, e](#Fig6){ref-type="fig"}). Further study showed that the ATP level in control group AR42J cells was higher than that in AP group, AP + si-AQP8 group and AP + si-NC group AR42J cells and that the ATP level in AP + si-AQP8 group cells was higher than that in AP group AR42J cells (Fig. [6f](#Fig6){ref-type="fig"}). In addition, immunofluorescence staining of Caspase-3, -8 and -9 and TUNEL experiments in vitro showed that the levels of apoptosis in the AP group, AP + si-AQP8 group and AP + si-NC group of AR42J cells were not significantly different (Fig. [7](#Fig7){ref-type="fig"}).Fig. 6RIPK1 regulated cell necrosis and inflammatory damage in AP through AQP8.**a** Representative immunoblot images and **c** quantitation of the p-RIPK1/RIPK1, NF-κB p-p65/p65, and AQP8 levels in AR42J cells from the Control, AP, AP + si-AQP8 and AP + si-NC groups. β-Actin was used as the protein loading control. **b** Representative flow cytometry results for cell necrosis in the AR42J cells described in Fig. 6a. **d** Relative mRNA expression of NF-κB p65 and AQP8 in the AR42J cells described in Fig. 6a. **e** Histograms showing the necrosis rates of the AR42J cells described in Fig. 6b, as measured by flow cytometry. **f** ATP levels were quantified in the AR42J cells described in Fig. 6a. **g** The levels of LDH and TNF-α in AR42J cell culture supernatants as described in Fig. 6a were assessed spectrophotometrically. The data are the means ± S.Ds. (*n* = 3). \**P* \< 0.05 versus control, \^*P* \< 0.05 versus APFig. 7Inhibition of AQP8 during AP did not affect apoptosis in vitro.**a** Immunofluorescence staining revealed the expression of Caspase-3, Caspase-8, and Caspase-9 in the cytoplasm of AR42J cells from the Control, AP, AP + si-AQP8 and AP + si-NC groups. The green signal represents Caspase-3, Caspase-8, and Caspase-9 staining. The blue signal represents nuclear DNA staining by DAPI; bar: 200 μm. **b** A TUNEL assay was used to measure apoptosis in AR42J cells and (**d**) determine the apoptosis index in the AR42J cells described in Fig. 7b. **c** The histograms show the IOD of Caspase-3, Caspase-8, and Caspase-9 in the AR42J cells described in Fig. 7a. The data are the means ± S.Ds. (*n* = 3). \**P* \< 0.05 versus control, \^*P* \< 0.05 versus AP

A RIPK1/NF-κB p65/AQP8 axis might exist during AP in rats {#Sec25}
---------------------------------------------------------

We found that in the sham, AP, and AP + Nec-1 groups, the levels of NF-κB p-p65 and AQP8 was consistent with the changes in the RIPK1 phosphorylation level in the three groups (Fig. [2a, b, e, f](#Fig2){ref-type="fig"}). The activation level of NF-κB p65 in rat pancreatic tissue was also assessed by EMSA and was significantly decreased in the Nec-1 intervention group compared with that in the AP group (Fig. [1f, g](#Fig1){ref-type="fig"}). To determine the role of NF-κB p65 activation in RIPK1-mediated necrosis progression in vivo, we established five experimental groups on the basis of the original groups: sham, AP, AP + Nec-1, AP + PDTC, and AP + Nec-1 + PDTC. Microscopically, the morphology and structure of the pancreatic tissue in sham group rats were normal, and no obvious change was observed. In the AP group, pancreatic edema was obvious, along with hemorrhage and necrosis in large areas, unclear structure of acini and lobules and a large number of infiltrated neutrophils. In the AP + Nec-1 group, AP + Nec-1 + PDTC group, and AP + PDTC group, pancreatic necrosis was reduced, bleeding and edema were ameliorated, and only slight infiltration of neutrophils was observed. At 24 h, the pancreatic tissue pathological score showed that in the 5 experimental groups, the pathological changes in the pancreas were the most severe and the pathological score was the highest in the AP group. Although the pathological changes and scores in the AP + Nec-1 group, AP + Nec-1 + PDTC group, and AP + PDTC group were decreased, the changes and scores in the AP + PDTC group were less severe and lower, respectively, than those in the AP + Nec-1 group, and there was no significant difference between the AP + Nec-1 + PDTC group and AP + PDTC group (Fig. [8a, b](#Fig8){ref-type="fig"}). The serum CRP, TNF-α, IL-18, IL-1β, and IL-6 concentrations in the five experimental groups were measured by ELISA, and the results were consistent with the trend and degree of pathological damage shown by H&E staining (Fig. [8f](#Fig8){ref-type="fig"}). We measured the levels of phospho-RIPK1 and NF-κB p-p65 and the protein and relative mRNA expression of AQP8 in the pancreatic tissue of rats. Compared with these parameters in the AP group, the phosphorylation of RIPK1 in the AP + PDTC group was not significantly different but the expression of AQP8 was significantly decreased. The expression level of AQP8 in the AP + PDTC group and AP + Nec-1 + PDTC group was less than that in the AP + Nec-1 group, and there was no significant difference in the AQP8 level between the AP + PDTC group and AP + Nec-1 + PDTC group (Fig. [8c--e](#Fig8){ref-type="fig"}). Therefore, we inferred the presence of a RIPK1/NF-κB p65/AQP8 axis in the pancreas of rats during AP.Fig. 8A RIPK1/NF-κB p65/AQP8 axis might exist during AP in rats.**a** Representative images (4×) of hematoxylin and eosin-stained pancreatic tissues harvested from rats subjected to sham operation, AP, AP + Nec-1, AP + PDTC or AP + Nec-1 + PDTC for 24 h after AP induction. **b** Histopathological scoring was performed to evaluate pancreatic injury in the rats described above. **c** Representative immunoblot images and **d** quantitation of the p-RIPK1/RIPK1, NF-κB p-p65/p65, and AQP8 levels in pancreatic tissues harvested from the rats described in Fig. 8a. β-Actin was used as the protein loading control. **e** Relative mRNA expression of AQP8 in pancreatic tissues harvested from the rats described in Fig. 8a. **f** The levels of CRP, TNF-α, IL-18, IL-1β, and IL-6 in peripheral blood samples harvested from the rats described in Fig. 8a were spectrophotometrically measured. The data are the means ± S.Ds. (*n* = 3). \**P* \< 0.05 versus sham, \^*P* \< 0.05 versus AP

Discussion {#Sec26}
==========

The predominant pathophysiological changes of early AP occur in pancreatic acinar cells^[@CR40]^. MAP and SAP share some common characteristics in acinar cell pathology; however, these two conditions exhibit very different degrees of severity and prognoses. Hence, the secondary response of pancreatic acinar cells to early intracellular damage, namely, the mode of acinar cell death, becomes a critical factor that determines the degree of the inflammatory response as well as the occurrence and development of subsequent complications in AP. Kaiser et al.^[@CR41]^ showed that pancreatic cells are primarily apoptotic in MAP, with mild inflammation, but predominantly necrotic in SAP, with a severe inflammatory response. In patients with pancreatitis causing detectable necrosis in ≥50% of the pancreas, the mortality rate approaches 20%^[@CR42]^. Therefore, the effective inhibition of pancreatic acinar cell necrosis during early AP could noticeably suppress the local inflammatory response in the pancreas at its origin and prevent its continuous amplification to limit disease progression.

During AP, routine interventions mainly concentrate on resolving the relevant simultaneous injuries after cell necrosis instead of on directly modulating necrosis, since pancreatic acinar cell necrosis is an acute, unregulated death process and effective intervention is difficult. Necrosis in acinar cells is rapid, concurrent and occurs in clusters during AP^[@CR30]^. The direct inhibition of acinar necrosis in early AP---specifically, the timely, effective and ultimate suppression of local and systemic inflammation at its origin---may prevent interference from many downstream factors after acinar necrosis occurs. This regulation may reduce the uncertainty and complexity of interventions, and its action would have an immediate effect and induce a rapid onset of biological functions. Necroptosis is a newly discovered cell-regulated necrosis that has been suggested to play a critical role in many pathophysiological conditions, including immune diseases, viral infections, malignant tumors and ischemia-reperfusion^[@CR13],[@CR16],[@CR43]^. However, the necroptosis program does not exist in all tissues and cells of living organisms^[@CR44]^. Currently, some preliminary results have confirmed the existence of pancreatic acinar cell necroptosis during early AP, which might be a potential target for the effective regulation of necroinflammatory injuries. He et al.^[@CR24],[@CR25],[@CR29]^ demonstrated that in AP models of RIPK3 and MLKL gene knockout mice, the quantity of necrotic acinar cells, the histological changes in the pancreas and the severity of AP were appreciably reduced. Ma et al.^[@CR27]^ demonstrated that miR-21 was overexpressed in AP and that its effective inhibition could significantly reduce the severity of AP by inhibiting the RIPK3-dependent necroptosis pathway.

In this study, we used RIPK1 as a potential target and observed its effect on histological changes in the pancreas and inflammatory lesions in AP. The in vivo results showed that Nec-1 and cholesterol-conjugated si-RIPK1 significantly reduced the extent of pancreatic tissue necrosis, inhibited the massive release of inflammatory mediators and oxidative stress damage, and ultimately effectively decreased the severity of AP. Although the regulation of RIPK1 activation in acinar cells had an obvious impact on pancreatic necrosis and the course of AP, it did not have a significant effect on the activation of RIPK3 and MLKL in acinar cells. These results indicated that RIPK1-dependent regulated necrosis of acinar cells is controlled by targets other than the classical RIPK1/RIPK3/MLKL pathway. Linkermann et al.^[@CR26]^ found that in a mouse model of AP, Nec-1 appreciably enhanced pancreatic damage, which was contradictory to our results. We believe that multiple factors might contribute to the initiation and execution of cell-regulated necrosis, which is a dynamic chain reaction process. The molecular mechanisms by which regulated necrosis is initiated and regulated vary across tissues and cells. Different experimental animals, materials, designs, conditions, methods, and so on might have certain effects on the experimental results.

In early AP, the modalities of acinar cell death mainly include necrosis and apoptosis. Apoptosis is also a programmed form of cell death that can be regulated by extrinsic and intrinsic pathways. In AP, necrosis and apoptosis are not in complete opposition but are in a dynamic and interactive relationship under different interventions and stimuli. Our previous results proved that inhibition of hydrogen sulfide synthesis provided protection for SAP rats via the simultaneous induction of apoptosis and depression of necrosis in acinar cells^[@CR45]^. In this study, we also investigated whether RIPK1-dependent regulated necrosis of acinar cells had an effect on the apoptotic process in these cells. The results showed that the regulation of RIPK1 levels in acinar cells did not markedly affect either the expression of the apoptosis-related proteins Caspase-3, -8, and -9 or acinar cell apoptosis during AP. The reduction in the degree of pancreatic tissue necrosis accompanied by RIPK1 activation in acinar cells is not achieved through the pathway of acinar cell apoptosis but is realized by the direct and targeted regulation of pancreatic RIPK1-dependent regulated necrosis.

RIPK1 is a member of the RIPK family, and its N terminus contains a serine/threonine protein kinase domain. RIPK1 is also a necessary protein for sensing the internal and external stress signals on various membranes and is an important inflammatory mediator within cells. RIPK1 can regulate various inflammatory targets in the body, such as NF-κB, Akt, AQP8, JNK, and TNF-α^[@CR5],[@CR15],[@CR46]^. Aquaporins (AQPs) are a family of channels that used to be known as facilitators of water transport across cell membranes in response to osmotic gradients^[@CR47]^. Aquaporins selectively transfer water molecules in and out of the cell while preventing the passage of ions and other solutes. Also known as water channels, aquaporins are actually integral membrane pore proteins. Some researchers have assumed that AQPs are tightly involved in inflammatory cytokine release^[@CR48],[@CR49]^. Experimental results showed that AQPs are closely related to the degree of inflammation in AP^[@CR50],[@CR51]^. Ma and Matsuzaki et al.^[@CR52],[@CR53]^ demonstrated the presence of AQP8 in pancreatic acinar cells. In this study, we confirmed that the level of AQP8 in acinar cells was markedly increased in vitro during AP. Inhibition of AQP8 could significantly reduce the degree of necrosis, showing that AQP8 might be a critical target directly inducing acinar cell necrosis. Furthermore, we found that the inhibition of RIPK1 expression in pancreatic acinar cells led to a concomitant reduction in NF-κB activity and AQP8 levels. NF-κB is an important transcription factor in the development and progression of AP and is involved in the modulation of cell death and inflammatory injury in the course of AP. It has been reported that AQP expression might be mediated by the increased activation of NF-κB^[@CR54]^. Therefore, we hypothesized that the RIPK1/NF-κB/AQP8 axis might be a potential regulatory pathway in RIPK1-dependent regulated necrosis of acinar cells in AP. Therefore, we used Nec-1 and an NF-κB inhibitor (PDTC) to interfere with AP in vivo. We found that the expression trend of AQP8 in acinar cells was consistent with that of NF-κB and RIPK1, indicating that the RIPK1/NF-κB/AQP8 axis might be pathway regulating the occurrence of RIPK1-dependent regulated necrosis. However, the exact molecular mechanism involved in this process remains to be explained more thoroughly in the future.

In summary, RIPK1-dependent regulated necrosis of acinar cells plays a critical role in the early progression of AP. Inhibition of RIPK1 expression in acinar cells effectively alleviates the degree of inflammatory damage and pancreatic histological changes in AP by significantly suppressing RIPK1-dependent regulated necrosis without inducing the apoptosis pathway in acinar cells. This process might be potentially regulated by the RIPK1/NF-κB/AQP8 pathway. However, the definite molecular mechanism needs future investigation.
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